Purpose: To perform a comparative quantitative analysis of Power Doppler ultrasound (PDUS) and Contrast-Enhancement ultrasound (CEUS) for the quantification of thyroid nodules vascularity patterns, with the goal of identifying biomarkers correlated with the malignancy of the nodule with both imaging techniques. Methods: We propose a novel method to reconstruct the vascular architecture from 3-D PDUS and CEUS images of thyroid nodules, and to automatically extract seven quantitative features related to the morphology and distribution of vascular network. Features include three tortuosity metrics, the number of vascular trees and branches, the vascular volume density, and the main spatial vascularity pattern. Feature extraction was performed on 20 thyroid lesions (ten benign and ten malignant), of which we acquired both PDUS and CEUS. MANOVA (multivariate analysis of variance) was used to differentiate benign and malignant lesions based on the most significant features. Results: The analysis of the extracted features showed a significant difference between the benign and malignant nodules for both PDUS and CEUS techniques for all the features. Furthermore, by using a linear classifier on the significant features identified by the MANOVA, benign nodules could be entirely separated from the malignant ones. Conclusions: Our early results confirm the correlation between the morphology and distribution of blood vessels and the malignancy of the lesion, and also show (at least for the dataset used in this study) a considerable similarity in terms of findings of PDUS and CEUS imaging for thyroid nodules diagnosis and classification.
INTRODUCTION
Tumor vascularity plays a relevant role in cancer growth, invasion, and metastasis. 1, 2 Since cancers at early or middle stage are highly oxygen demanding, 3 they produce a high quantity of angiogenetic growth factors (Ang-1 and VEGF) that stimulate new vessels to quickly branch out from the existing tissue vasculature through a process called angiogenesis. 4 Consequently, malignant tumors present a dense, tortuous, and usually incomplete vasculature profile. 5 With the effort to assess and characterize tumor malignancy, several imaging techniques are currently used within the clinical practice for assessing tumor vascularity, such as magnetic resonance imaging (MRI) 6 and contrast-enhancement computed tomography (CT). 7 Both techniques present excellent spatial and contrast resolution and are optimized for detecting blood vessels morphological details, but they present a few downsides. Contrast-enhanced CT utilizes ionizing radiations, while the contrast medium used in contrast-enhanced MRI presents a high level of toxicity. 6 Although new nontoxic contrast agents are currently under research for MRI imaging, screening all patients for assessing tumor vascularity may not be cost-effective, due to the high cost of the MRI device which drastically limits its use in the clinical practice. 6 In recent years, ultrasound-based techniques such as Power Doppler and Contrast-Enhancement Ultrasound have been deeply exploited. 8 Given the advantages of these techniques (low cost, nonionizing radiations), investigators can employ ultrasounds to characterize tumor vascularity in a complete safe manner. 9 In this work, we evaluated tumor vascularity in thyroid nodules using vascular ultrasound imaging. These nodules are particularly suitable for ultrasound imaging, since thyroid is a superficial organ with no superimposed dense (i.e., highly attenuating) structures. Furthermore, thyroid nodules occur in up to 50% of the worldwide population and, although they are benign (noncancerous) in most cases, a small proportion contains cancer. 10, 11 Differential diagnosis is therefore of great importance for a correct treatment of the nodule. Conventional ultrasound imaging has been extensively used to address this task, but it shows a moderate diagnostic accuracy (sensitivity: 68%-100%, specificity: 67%-94%) 11 in the differentiation of thyroid nodules, and it must be coupled to fine needle aspiration (FNA) biopsy, an invasive procedure subject to inconclusive diagnosis in about 25% of the cases. 12 With the effort of improving sensitivity, three-dimensional power Doppler ultrasound (PDUS) imaging and three-dimensional contrast-enhancement ultrasound (CEUS) can be used to evaluate the vascularity of thyroid nodules as an indicator of malignancy. [13] [14] [15] Both techniques have a consolidate clinical background in thyroid cancer diagnosis, due to their capability to provide different features at different levels of spatial resolution. 13 Contrast-enhancement ultrasound imaging needs the injection of a contrast medium based of microbubbles. Thanks to a high dissimilarity in echogenicity between the soft tissues and the microbubbles, the backscatter of the ultrasound waves produces an increased-contrast sonogram which, due to the small dimensions of the microbubbles, can dynamically detect both the macro-and microvasculature of the nodule. 14 On the other hand, PDUS, although having a poorer resolution (200-300 lm), encodes the power of the Doppler signal which basically depends on the amount of blood, being a totally noninvasive technique to depict already formed blood vessels. In light of this, clinicians can employ both techniques to extract vascular features and compute vascularity indices in malignant tissues. 15 Since both benign and malignant nodules may be vascularized, the detection of vessels amount alone might not be sufficient to accurately differentiate benign and malignant thyroid lesions. But, in contrary to healthy tissue, cancer usually shows branching, irregular and tortuous blood vessels, as a result of the angiogenic process used by malignant tumors to grow and expand. Due to these irregular vascular patterns, blood often flows erratically, with possible stasis and turbulence. 15 These facts lead to the importance of computing several quantitative features related to tumor vasculature, in order to show the difference between benign and malignant lesions in terms of vascularity. In this respect, some previous works have already been proposed.
Hoyt et al. 16 developed a 3-D approach for monitoring and characterization of tumor blood flow using ultrasound imaging and microbubble contrast agent. They found that CEUS imaging is a promising modality for assessing tissue perfusion and may prove clinically feasible for cancer drug therapy monitoring. Gerst et al. 17 investigated the potential of contrast-enhanced ultrasound in differentiating benign renal tumors from clear cell carcinoma. They found that some ultrasound biomarkers such as gray-scale heterogeneity, lesion washout, grade of enhancement and peak intensity could be used for differentiating different tumor types. Wu et al. 18 used the Doppler signal to quantify the concentration of blood vessels and measure tumor vascularity on images of patients with cervical lymphadenopathy. Their work identified different types of vascular patterns among benign and malignant cases, and concluded that high values of vascular density may lead to an increased probability of malignancy. Finally, Huang et al. 19 extracted several quantitative features from 3-D Doppler images of breast cancer, demonstrating a correlation between the morphology of blood vessels and the malignancy grade.
In this work, we propose a comparative quantitative analysis of PDUS and CEUS for the differential diagnosis of thyroid lesions which, to our best knowledge, has not been previously proposed in literature. To complete this comparison, an image processing and features extraction algorithm is proposed and implemented in order to study the correlation between tumor vascularity and malignancy, both for PDUS and CEUS. Since both imaging modalities provide images in which the functionality of the tumor is more outstanding rather than the morphological aspect, we adopted a pipelinesteps algorithm to transform the original volumes into a set of interconnected single-voxel skeletons, so as to facilitate capturing blood vessels morphology. The quantitative information of vasculature was computed by automatically extracting seven features from these minimal skeletons. The features include the number of vascular trees (NT), number of branching (NB), vascular volume density (VVD), spatial vascularity pattern (SVP), and three tortuosity measures, namely Distance Metric (DM), Inflection Count Metric (ICM), and Sum Of Angles Metric (SOAM). For each feature, we applied the Mann-Whitney U-test to prove its statistical significance. Finally, we used MANOVA using these seven features to perform the classification of benign and malignant tumors. Our findings not only provide an objective assessment of tumor vascularity but also suggest that the proposed extracted features have clinical relevance in thyroid nodules classification, for both the PDUS and the CEUS techniques.
MATERIALS AND METHODS

2.A. Patients
Twenty patients (3 males, age 43.00 AE 10.40, range 31-49 years; 17 females, age 46,00 AE 13.28, range 31-75 years) with a previous diagnosis of solitary solid thyroid nodule were enrolled to participate to the study. Ten patients were recruited from the Division of Endocrinology, Diabetology and Metabolism of the "Citt a della Salute e della Scienza" Hospital of Torino (Italy), and 10 patients were recruited from the Endocrinology Section of the "Umberto I" Hospital of Torino (Italy). Inclusion criteria were: age ≥18 and maximum diameter of the thyroid nodules ≤4 cm. Exclusion criteria were: multinodule goiter, thyroiditis, and other generic inflammatory process. The experimental protocol for this multicenter study was approved by the ethical committee of both hospitals, and patients signed an informed consent before participating in the experiment.
All subjects underwent clinical examination, hormonal profiling, and fine needle aspiration (FNA) biopsy. Longitudinal diameter (LD), anteroposterior diameter (AD), and transversal diameter (TD) were measured by ultrasound B-Mode examination. From the FNA result, ten patients presented benign nodules, and ten had malignant lesions. (two suspicious malignant nodules), and THY5 (four positive malignant nodules). All the subjects with diagnosis of malignancy from FNA underwent surgical treatment. The histopathological report after thyroidectomy confirmed the malignancy for all the ten subjects (seven papillary carcinomas, two follicular carcinomas, one Hurtle cells carcinoma).
2.B. Ultrasound equipment and image acquisition
3-D Power Doppler (PDUS) and 3-D Contrast-Enhanced Ultrasound (CEUS) scans were performed for all patients during the same experimental session. Two trained operators ("Citt a della Salute e della Scienza" Hospital of Torino, R.G. more than 30 years of experience, "Umberto I" Hospital, M.D. more than 20 years of experience) performed all the scans. The 3-D volumes were acquired using a MyLab70 ultrasound device (Esaote, Genova, Italy) equipped with a linear-volumetric array transducer (code BL433) which enables the 3-D scans of tissues without the need for moving the probe. 22 The frequency of the transducer can range within 4-13 MHz. The scanning angle was fixed at 50°and the scanning step varied in the range 0.24-0.30°. The B-Mode gain was set at the 50% and the Time Gain Compensation was kept in a neutral position. The frequency was fixed at 5 MHz, the pulse repetition frequency (PRF) at 1 kHz, and the wall filter at 4 Hz.
To acquire CEUS volumes, 2.4 ml of ultrasound contrast agent (Sonovue, Bracco, Italy) were administrated intravenously using a 20-or 22-gauge peripheral intravenous cannula, and a 3-D volume containing the lesion was acquired after 40 s from the injection, to avoid blooming artefact. 23 Each exam lasted about 5 min following bolus injection. A postcontrast cine-clip lasting approximately 5 s was acquired for each lesion after contrast agent administration. The 3-D volumes were transferred offline to an external workstation for subsequent processing.
2.C. Vascular extraction algorithm
The proposed method involves several subsequent processing steps for noise suppression, vessels enhancement, skeletonization, and quantitative feature extraction from thyroid lesions vascular architecture scanned with PDUS and CEUS imaging.
The entire processing framework ( Fig. 1 ) was developed in MATLAB (The MathWorks, Natick, MA, USA) by a custom-made software, and all methods were applied subsequently to both PDUS and CEUS volume.
2.C.1. Vessel enhancement filtering
In PDUS and CEUS images, due to resolution, signal-tonoise ratio limitations, and lack of morphological detail, the representation of the vascular network is suboptimal. Hence, we propose a vessel enhancement filter as a preprocessing so as to improve the representation of the vascular structure of the nodules and reduce noise.
Before applying the filter described in the current subsection, we thresholded the input images (both PDUS and CEUS) aiming at completely excluding the background, thus leaving only the vascular information. Therefore, the baseline and the possibly noisy structures (especially flash artifacts caused to tissue motion in PDUS and nonlinear speckle noise in CEUS) need to be taken into account and eliminated, since a high amount of false positive structures may alter the results of our subsequent analysis. To address this, we performed thresholding on our images at 50% and 70% of the maximum gray level (respectively for PDUS and CEUS). Both thresholds were set by measuring the signal intensity in the images, both in the foreground (i.e., color or contrast medium information) and in the background (baseline). From our measurements, 50% and 70% resulted in reasonable values to suppress the background, eliminate major noisy structures and parallelly retain the vascular information.
After this first step, we applied the vessel enhancement filter, which was designed following the formalism implemented by Frangi et al. 24 In our implementation, after thresholding, the Hessian of the image was obtained by convolving the second derivative of a Gaussian kernel (with varying spatial dimension) with the input 3-D ultrasound image, and eigenvalues were computed and sorted as shown below:
Indexes i, j, and k refer to the voxel coordinates. Hessian eigenvalues can be combined together to provide, for each voxel, a measure of the voxel vesselness. Compared to the work proposed by Frangi et al. 24 in which the vesselness equation needs for some user-selectable parameters, we propose a slightly different vesselness metric which is parameter-independent and which is described below.
The image was convolved with the Gaussian kernel for different values of the spatial dimension (r), and the volumetric response of the voxels in function of r was calculated as follows:
in all other cases:
where Sði; j; kÞ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi k
The values of r for the Gaussian kernel were selected empirically. We found that evaluating the image space for five different r values (from 1 to 5) was a good compromise between computational cost and performance of the filter. Since the remaining noisy structures after the previous thresholding step (usually either motion artifacts or speckle noise) presented low dimensions, higher values of sigma would have only increased the processing time, without providing significant effect in lowering the effect of disturbances.
In our implementation, substantially S(i,j,k) represents a volumetric vesselness response, obtained from different spatial scales of the Gaussian kernel. Finally, the output image was obtained by assigning to each voxel (coordinates i, j, k) the highest value of VR r i; j; k ð Þ. This approach aims to automatically optimize the r value according to each different vessel size, by matching each output voxel with the r value that maximizes the response. In fact, VR r i; j; k ð Þ can be interpreted as a local measurement of the signal-to-noise ratio (SNR) of the volumetric image (i.e., the vessels flux power compared to the background), evaluated at different spatial scales. At each voxel location, the extracted SNR varies according to the vessel dimension, and only the spatial scales which best matches the size of each vessel provides the highest response. This helps to enhance the blood vessels information, while lowering the effect of disturbances (an example is shown in Fig. 2) .
Therefore, this approach is useful so as to properly extract only the signal information from the ultrasound images.
2.C.2. Vascular network extraction: Skeleton and centerline
Due to the lack of anatomical information in PDUS and CEUS images, some processing is needed in order to highlight the morphology of blood vessels. To better highlight tubular-like shape appearance, we developed two algorithms which extract the morphological information of blood vessels from the processed PDUS and CEUS images by representing the vascular architecture with an interconnected set of voxels.
The two algorithms, applied in cascade, are a nonminimal morphological skeletonization process and a subsequent centerline extraction method.
The choice of this pipeline is driven by the difficulty to extract a smooth and connected subset of voxels which can model accurately the vasculature of the thyroid nodule. On one hand, morphological skeletonization processes can well maintain connectivity and they produce a smooth blood vessels representation, but they rely on morphological information which is sparse in PDUS and CEUS images. Therefore, the results may not be accurate, since these methods do not take into account the blood flow information. On the other hand, the centerline extraction scheme applied in this work Medical Physics, 45 (7), July 2018 relies on image intensity (which is a measure of the Doppler and contrast agent signal), but if applied alone to the original data it might not produce a smooth vasculature rendering due to inhomogeneities of voxel values (which can be caused by the often erratic tumoral blood flow patterns).
Therefore, with the attempt of joining the benefits of the two methods, the nonminimal skeleton algorithm was first used to obtain a smooth thinner representation of vessels, thus highlighting the vascular pathways without the loss of connectivity; the centerline method was then applied to obtain the minimal representation of blood vessels following the blood flow information given by the PDUS and CEUS images.
The morphological skeletonization algorithm was implemented and applied (frame by frame) along each image axis in order to find the skeleton of the vascular network.
The skeleton algorithm works by iteratively removing each voxel P belonging to a single frame if the following condition is met:
The parameter N(P) is calculated from the voxel values of the 8-connected kernel of P according to the following formula:
where X i is a discrete value (1 for the foreground, 0 for the background) associated with the i th voxel of the eight-connected kernel of P.
This algorithm is iteratively applied until the 50% of voxels are removed from the processed PDUS and CEUS images.
This simple method provides a fast tool able to substantially reduce the number of voxels in PDUS and CEUS images, highlighting the morphology of blood vessels while preserving the branches connectivity.
An example of 3D vascular skeleton obtained from this processing is reported in Fig. 3 .
After obtaining the first skeleton, the centerline extraction algorithm was applied. Compared to the skeleton algorithm, the centerline computation takes into account the blood flow intensity information. This algorithm is partly inspired by a common explicit approach based on the intensity of Height Ridge Transversal and multiscale extraction, 25 which essentially models the centerline of a vessel as the subset of all ridge points (i.e., points which are local maxima in the image domain).
To extract a smooth and fully connected centerline, once all ridge points were identified, an intensity-based search of the centerline driven by blood flow information was performed to join all ridge points together, resulting in the final centerline. Starting from the first ridge point, the maximum intensity voxel in its 26-connected neighborhood was labeled as the first voxel of the centerline and defines the forward path of search. From this new voxel, another maximum intensity voxel was identified in its neighborhood and the process was iteratively repeated along the forward path. In each step of this search, some positions of the 26-connected neighborhood were forbidden according to the previous iteration. This is needed because, in bifurcation or stenosis regions, where the hypothesis of laminar flow becomes less substantial and the blood flow could be higher in peripheral regions of the vessel, the centerline could deviate from its real location. Forbidding these kernel positions did not allow the centerline to deviate from its central path. The specific 3-D masks of the forbidden positions are shown in Fig. 7 of the appendix.
After all ridge points were evaluated, the search was repeated, starting from the first voxel opposite of the first point found near to the considered ridge point. The search continued in the opposite direction, along the backward path of search, following the same criteria of the forward path of search until all ridge points were linked together and a connected centerline was obtained.
The final result after the application of the centerline algorithm is shown in Fig. 4. 
2.D. Automatic features extraction for vascular quantitative analysis
Once the centerlines were obtained, a quantitative analysis was performed in order to characterize the nodule vascular patterns. In our study, seven features descriptive of the vascular architecture were automatically extracted from the centerlines volumes (resulting from both PDUS and CEUS images): three tortuosity metrics, and four additional features related to the lesion vascular network.The three tortuosity metrics are: 1) Distance Metric (DM), which computes the ratio of the length of the vessel and the linear Euclidean distance between its endpoints 26 ; 2) Inflection Count Metric (ICM), which is obtained by the product of the number of inflection points N InfP and the DM, plus 1. The N InfP value is obtained using the geometrical representation of the Frenet frame already described. 27, 28 This parameter is an estimation of the average number of times the vascular tree changes concavity in a 3-D framework; 3) Sum Of Angles Metric (SOAM), which calculates the total angles of the curve as a sum for each point and normalizes the result by dividing by the total curve length. 26 The remaining four vascular architecture parameters are: 4) Vascular Volume Density (VVD), which is obtained by the ratio of the total space occupied by the blood vessels and the total tumor size, expressed in voxels; 5) Number of vascular Trees (NT) 6) Number of vascular Branches (NB) 7) Spatial Vascularity Pattern (SVP), which evaluates whether the vascular patterns are more concentrated peripherally (perilesional vascularization) or inside the lesion (intranodular vascularization). This feature (which results in only two possible values, 0 and 1) was calculated as follows. The intensity profiles of the entire 3-D image were calculated along the three normal directions (x, y, and z), summed and normalized. The resulting normalized vascular profile is an indicator of how vascularity was distributed within the tumor entire volume. From this vascular intensity profile, the second order polynomial was interpolated and its first derivative calculated. The lesion was considered to have a perilesional vascularization (SVP equal to zero) if this first derivative was either always positive, or always negative, or simply monotonically increasing (no matter the sign). In case the previous requirements were not met, the vascularity was classified as intranodular (SVP equal to 1). See Fig. 5 for further details.
All the features, except for the VVD and the SVP (which were calculated on the entire volume) were computed in three volumes of interest (VOIs) automatically generated around the maximum intensity profile voxels, i.e., in those points where the density of blood vessels is higher. The intensity profile was calculated along x, y, and z axis and the three points of highest intensity were identified. Around these voxels, the three VOIs were generated.
The size of the three VOIs was five times smaller than the original 3D image along the x and y axes, while along the z axes it was kept as the half of the image size (this is due to limited number of frames along the z direction). The final value for each feature was obtained as the average of the three values calculated in each VOI.
2.E. Statistical analysis and classification
In this work, 20 thyroid lesions (ten benign and ten malignant) were analyzed and the feature extraction was applied on the centerlines resulting from both PDUS and CEUS volumes. Mean value and standard deviation for the first six continuous features (DM, ICM, SOAM, VVD, NT, and NB) and the discrete fraction of SVP parameter were reported both for benign and for malignant lesions. The comparison between benign and malignant nodules was performed using a nonparametric Mann-Whitney U-test. Multivariate analysis of variance (MANOVA) was used to test the equality of the means between benign and malignant nodules. Before conducting the MANOVA analysis, collinear variables were removed to avoid singularities in the observation matrix. The collinearity among variables was checked by computing the Wilks' lambda, which ranges from 0 to 1 (as this value decreases, the differentiation between the two groups raises 29 ). Classification of the lesion as benign or malignant was obtained by linear regression analysis performed on the most significant features, as revealed by the MANOVA. The statistical significance was set to P < 0.05.
RESULTS
In Tables I and II , mean values AE standard deviations of the six continuous features and the discrete parameter SVP previously described are reported for PDUS and CEUS volumes, respectively. The two tables show that vascular continuous parameters are all higher for malignant tumors for both techniques.
The result of the Mann-Whitney U-test shows a significant difference between the benign and malignant nodules for both PDUS and CEUS techniques for all the continuous features (DM, ICM, SOAM, VVD, NT, NB).
Regarding the SVP feature, 9 out of 10 and 6 out of 10 benign nodules were labeled as perilesional for the PDUS and CEUS volumes respectively, while malignant nodules were all classified as intranodular (10/10) for both the techniques.
After analyzing our findings with the Mann-Whitney U-test, MANOVA was applied on our data considering all the When the tumor type (benign or malignant) was considered as a dependant variable, after removing the collinear variables in common for both the PDUS and CEUS volumes, four significant features were left (ICM, VVD, NT and SVP). The optimal Wilks' lambda values for our data set were found to be 0.03 for PDUS and 0.13 for CEUS. The MANOVA dimension of the group mean values was equal to 1 (P ( 0.001 for both PDUS and CEUS). The dimensionality of the MANOVA is important to understand how samples were distributed on the hyperplane of the canonical variables. The canonical variables are linear combinations of the original features and are built so as to maximize the variance among groups. Since the canonical variables are ordered with decreasing explained variance, the dimension of 1 ensures that only one canonical variable (the first) is sufficient to separate tumors on the basis type (benign/malignant). In Fig. 6 results from the MANOVA are shown. The graph indicates that the first canonical variable was discriminant for the tumor type. The most discriminant feature was ICM, followed, in the order, by VVD, NT and SVP. By using these features, a classification of tumors based on a linear classifier was performed. All the thyroid nodules were correctly classified, with sensitivity and specificity of 100%, with a correlation coefficient equal to 1 and 95% (CI 0.98-1) and an area under the receiver operating curve (AUROC) equal to 1.
DISCUSSION
Due to the relevant role in tumor growth and progression, tumor vascularity has gained importance for the histological assessment of tumor angiogenesis as a diagnostic factor. However, challenges in the interpretation of the vascular architecture of lesions still persist. Different vascular imaging modalities delineate blood vessels characteristics that can be used as clinically useful imaging biomarkers to help clinicians in the differential diagnosis. Vascular ultrasound imaging like 3-D PDUS and CEUS are valuable tools in the representation of the vascular pattern, although they are mainly used as functional imaging techniques in perfusion and blood flow studies rather than as morphological methods to characterize tumor vessels. In this work, we developed and presented a systematic method for reconstructing, numerically quantifying, and interpreting the tumor vascular network by extracting and analyzing seven numerical features from the minimal subset of voxels representing the tumor vasculature.
The features used in this study are three tortuosity metrics (DM, ICM, and SOAM), the number of trees and branches (NT, NB), the vascular volume density (VVD) and the spatial vascularity pattern (SVP).
All features (except for the latter two) were computed within three VOIs automatically created around the maximum intensity voxels of tumor vascularity. This choice is due to the unpredictability in blood vessels localization, since each thyroid lesion is anatomically different from the others. Therefore, it is important to extract these features where blood vessels are more concentrated, to avoid vessel-free areas.
Finally, the latter two features (VVD and SVP) evaluate the global information of the tumor and were extracted from the whole tumor vasculature. The vascular volume density assesses the grade of vascularization of the nodule, while the spatial vascularity pattern, a parameter inspired by the clinical practice which has not (to our best knowledge) been previously proposed in literature, gives an estimation on where, within the tumoral volume, blood vessels are more concentrated.
The numerical values of these features were reported in terms of mean and standard deviation for the two techniques (PDUS and CEUS) adopted in this study. Exploiting all the morphological features, a high accuracy in the description of tumor vascularity can be achieved. Furthermore, the statistical analysis resulted in very low P-values (P ( 0.05), indicating that all these features could be used to significantly discriminate benign from malignant tumors.
Although all features proved to be statistically significant, the MANOVA showed that a minimum set of common vascular parameters can be used to distinguish benign from malignant tumors for both PDUS and CEUS techniques. Following the discriminant features weight order, only one out of three tortuosity metrics, the ICM, was needed to discriminate nodules. This finding suggests that malignant thyroid nodules present vessels with evident higher degree of inflection and this characteristic is dominant compared to the simple computation of curvature of DM and the presence of coil shapes detected by SOAM. The discriminative power of ICM compared to the two other tortuosity metrics (DM and SOAM) may also be due to the broader range of values within which the metric can vary (deriving from its mathematical formulation), a fact which therefore makes this metric more significant in distinguishing benign from malignant vasculature profiles. Furthermore, the features related to the tumoral volume, the NT and the VVD, demonstrate to be more discerning in the classification, in line with the previous findings. 28 In the canonical variables hyperplane, the newly introduced parameter SVP proved to be effective in the separation of groups, even though some benign tumors could present the intranodular pattern typical to the malignant ones in both ultrasound techniques; this result highlights the reliability of the multiparametric approach, able to combine different aspects of geometry and morphology.
Compared to previous works for tumor vascularity characterization, [16] [17] [18] [19] the proposed method uses a step-by-step pipeline which combines both morphological detail extraction and blood flow enhancement. So far, and to our best knowledge, these two aspects have been studied separately (either for a pure morphological reconstruction or for perfusion studies of cancer vasculature). In our work, with the attempt of including all valuable information provided by vascular ultrasound imaging, we combined these two approaches, resulting in, we believe, a more accurate 3-D rendering of tumor vascular architecture derived from both morphological and functional details.
From our preliminary results, a few comparisons arise regarding the performance and the diagnostic accuracy of the two ultrasound modalities adopted in this study. As expected, the tumor vascular network reconstructed from the CEUS volumes shows much more vessels than the 3-D rendering obtained from the PDUS volumes. This is true for all the patient images in our dataset. These different results are due to the intrinsic limitations given by the spatial resolution of the two techniques. In fact, CEUS employs microbubbles as contrast agent. This allows to improve the resolution considerably, and therefore to detect also angiogenetic neo-formed blood vessels. These latter are not detectable by the PDUS, whose resolution constraints make this technique suitable to detect only major tumor vascularity. 19 Despite this difference, the quantitative analysis of tumor images from the two imaging techniques resulted in comparable findings. This suggests that it could be sufficient to compute the vessel-related features only on tumor major vessels (detected both with PDUS and CEUS) and not on angiogenetic vessels (detected only with CEUS). Moreover, given these findings, PDUS could be sufficient for a proper analysis of thyroid tumors vascular networks as a diagnostic indicator, with the advantage of being fully noninvasive, as no contrast medium is required, and less expensive. Avoiding the use of a contrast agent could also allow to include a higher number of patients in future clinical trials, since the examination would be totally cost-effective.
Some previous studies already investigated the diagnostic performance of Doppler ultrasonography in predicting thyroid nodules malignancy, and reported negative results. 30, 31 Compared to our work, this dissimilarity in results may be due to the different analysis used to assess the vascularity depicted with the PDUS technique. In fact, previous works performed either qualitative analysis, 30 or quantitative analysis based only vascular index and location of the nodule blood vessels (peripheral, intramodular, or absent). 31 Our results suggest that a systematic, three-dimensional and quantitative analysis based on numerical vascularity markers can provide more information compared to the extraction of discrete features based on visual assessment.
However, all these results need to be further investigates with a larger number of patient cases to better evaluate and assess their potential clinical outcome and applicability.
Our study therefore shows a correlation between the morphology of vascularity in thyroid lesions and malignancy, and supplies this correlation in a fully quantitative manner.
Previous studies have documented a considerable overlap of characteristic findings in benign and malignant lesions by using only raw ultrasound image-based features (hypoechogenicity, nodular calcifications, mean diameter, position, cystic changes). 32 The lack of discriminative imaging biomarkers led to a large use of the fine needle aspiration biopsy and subsequent cytologic classification for diagnosing thyroid nodules. Nevertheless, about 20% of thyroid fine needle aspiration is indeterminate. 33 It has also been shown after thyroidectomy that three in four of these not classified cases are actually benign. 33 The fully automatic quantitative technique we developed, after extensive validation with a much larger number of patient cases with different thyroid lesion types, could be used as a support tool for clinical decisionmaking and to prevent unnecessary biopsies, and therefore reducing the false positive rate and the costs.
Furthermore, our study also reveals a strong correlation between the PDUS and the CEUS in terms of accuracy in the representation and analysis of tumor vascular patters. However, the system has limitations which have to acknowledged.
From a technical perspective, our system has been used and evaluated on PDUS and CEUS images acquired with a single ultrasound device with fixed acquisition parameters. Although this allowed to obtain consistent data for our study, future work includes the evaluation of our method on further images acquired with different ultrasound probes, to assess the sensitivity of our algorithms to image acquisition settings.
From a clinical point of view, some malignant thyroid nodules in advanced stage could present a high rate of necrotic tissue, thus completely nonvascularized. Such nodules, due to the absence of blood vessels, could be misclassified as benign nodules with perilesional vascularization. This limitation is not particularly worrisome, since usually these malignant nodules show other nonvessel-related biomarkers of malignancy which are apparent to the clinicians (nodule size, growth rate, singularity, hypothyroidism). The proposed method is instead accurate in classifying highly vascularized thyroid tumors, and therefore could provide a valuable tool for helping physicians in clinical decisions with suspicious lesions.
The images were processed using a 2.4 GHz CPU, 12 GB RAM workstation. The total time for a complete evaluation of a thyroid nodule (including all steps of the algorithm) is about 45 min, although the computational time much depends on the image size and on the amount of blood vessels evaluated. The algorithm can still be optimized in order to reduce the computational time. Furthermore, it can be speeded up by using lower level languages like C++ and/or parallel processing, especially using Graphic Processing Units (GPU).
Future work includes the evaluation of the performance of the algorithm using a larger and more heterogeneous patient dataset, and repeat the whole analysis on a more consistent dataset.
Moreover, the vascular intensity profiles used to calculate the parameter SVP (Fig. 5 , panels c and f), being descriptive of the spatial localization of blood vessels within the lesion, will be also used to obtain more precise information regarding the concentration of blood vessels in different regions of the tumor (not only perilesional or intramodular). This will allow, with a larger dataset, to better understand a potential correlation between spatial localization of tumor vessels and malignancy grade, resulting in a stronger characterization of tumor vascularity.
Finally, a CAD system could also be built upon the proposed methods, also including other nonvessels-related features to provide a more comprehensive analysis of thyroid lesions.
CONCLUSIONS
The pipeline we propose can be used to quantify thyroid tumors vasculature and subsequently extract biomarkers which could be useful in assessing the diagnosis. Furthermore, our early results indicate the similarity (in terms of quantification of the tumor vascular network) between PDUS and CEUS, suggesting that quantifying and evaluating only the major tumor vasculature could be sufficient to characterize the lesion vascular patterns. Future work will focus on further testing of our results by including a larger number of patient cases, and also by evaluating different tumor types.
